Abstract-Simultaneous profiles of the transient tracers sulfur hexafluoride (SF 6 ), 3 H-3 He, and the chlorofluorocarbons CFC-11 and CFC-12 were measured in Lake Issyk-Kul, a large, deep lake in Kyrgyzstan. Apparent water ages derived from these measurements suggest rapid mixing, with a deepwater renewal rate Ͼ10% yr Ϫ1 at 650 m depth. SF 6 and 3 H-3 He ages agree reasonably well, whereas CFC ages are significantly greater. The discrepancy is explained by the nonlinear relationship between tracer age and tracer concentration and by the flattening of the atmospheric growth curves for CFCs. Novel to physical limnology is the application of SF 6 dating, which proves to be an excellent tool for the study of mixing in lakes, complementing 3 H-3 He and CFC dating techniques.
Lake Issyk-Kul ( Fig. 1 ) is located at an altitude of 1,606 m in the Tien Shan mountains of northeast Kyrgyzstan. With a water volume of 1,740 km 3 and a maximum depth of 668 m, Lake Issyk-Kul is one of the largest and deepest lakes in the world (Adyshev et al. 1987; Herdendorf 1990 ). The lake has no outflow and a refill time of ϳ330 yr. Precipitation over the lake surface is 277 mm yr Ϫ1 , and surface inflow corresponds to 568 mm yr Ϫ1 (Tsigelnaya 1995) . The salinity (S) of the lake water is ϳ6‰ (the chemical composition is given by Tsigelnaya 1995 and Lyons et al. 2001) . January mean air temperatures at the lake are below Ϫ2ЊC (Adyshev et al. 1987 ), but Lake Issyk-Kul never freezes completely. This is reflected in the Kyrgyz meaning of the lake's name-''warm lake.'' The lake is situated in a predominantly rural area with no major industries. Because of its unspoiled setting and its unpolluted water, Lake Issyk-Kul was a tourist attraction during the period of Soviet rule, and the Kyrgyz government is planning to invest in infrastructure improvements around the lake to establish a tourist industry that will serve as an important economic factor in the region. Because of concerns about the ecological impact not only of the tourist industry but also of potential contamination resulting from gold ore processing (a cyanide spill occurred in 1998) and from the possible leakage of radioactive waste from an abandoned uranium mine located near the southern shore of the lake, several research projects have been initiated to investigate the ecology of Lake Issyk-Kul. The lake is also a promising site for studying the paleoclimate of central Asia using sediment cores (Ricketts et al. 2001) , the interpretation of which requires a detailed understanding of the lake's biogeochemistry and transport processes.
From 1978 to 1989, the Hydrometeorological Survey of the Soviet Union/Kyrgyzstan measured temperature, major ions, and nutrients at numerous stations in the top 200 m of the water column of Lake Issyk-Kul at intervals of at least 1 month. Similar data, sampled less frequently, are also available for the deep water. To complement this information, we provide data herein on the transient tracers 3 H, 3 He, sulfur hexafluoride (SF 6 ), and the chlorofluorocarbons CFC-11 and CFC-12, which can be used to estimate deep-water residence times by use of dating techniques.
In limnology, the application of
He dating (Torgersen et al. 1977 (Torgersen et al. , 1981 Aeschbach-Hertig et al. 1996; Hohmann et al. 1998 ) and dating by CFC-11 and CFC-12 (Weiss et al. 1991; Weiss and Volmer 1999; Peeters et al. 2000a; Aeschbach-Hertig et al. in press ) is well established. The use of a combination of these tracers improves the reliability of the interpretation of the tracer concentrations in terms of mixing and deep-water residence times (Peeters et al. 1997 (Peeters et al. , 2000a . On the basis of 3 H concentrations from 1976 (Romanov et al. 1989 ) and dissolved oxygen and conductivitytemperature-depth (CTD) data, Kipfer and Peeters (in press) have suggested that the residence time of the deep water of Lake Issyk-Kul can be expected to be Ͻ13 yr. Because the atmospheric input functions of CFC-11 and CFC-12 have increased only very slowly since 1996 (and, in the case of CFC-11, has even decreased over the past few years), errors in CFC dating applied to water masses younger than ϳ10 yr are large. Dating based on SF 6 concentrations has therefore been suggested as an alternative technique for the study of mixing in Lake Issyk-Kul (Kipfer and Peeters in press). The atmospheric concentration of SF 6 has increased rapidly since 1970, enabling reliable dating of waters with residence times between 0 and 30 yr. To our knowledge, this is the first study that has made use of SF 6 dating to study mixing in large lakes. In this note, we present and discuss our transient tracer data set from Lake Issyk-Kul and provide an estimate of the deep-water residence time.
Sampling-On 6 March 2001, the water column was sampled at the deepest point of Lake Issyk-Kul (42Њ23.846ЈN, 77Њ06.041ЈE), approximately at the center of the lake (Fig.  1) . Water samples were collected at 50-m depth intervals with 5-liter Niskin bottles. Via a silicon tube, water was filled into copper tubes and sealed gas-tight for the analysis of He, Ne, CFC-11, and CFC-12. In addition, water was filled into 500-ml stainless-steel sampling cylinders (Whitey, 304L-HDF4-500; Arbor, Inc.) equipped with two plug valves (Nupro, SS-4P4T1; Arbor, Inc.) for the combined analysis of SF 6 and CFC-12. At the same time, a CTD profile was measured with a Seabird SB9 probe. He, and Ne were measured according to the method of Beyerle et al. (2000) . Because the measured Fig. 1 . Bathymetric map of Lake Issyk-Kul with its watershed. ST is the deepest station in the lake (650 m), from which all water samples were collected. trations (at the 1 level) is Ϯ5% for both CFC-11 and CFC-12. Analogous to the measurement of CFC-11 and CFC-12, water samples collected in the 500-ml sampling cylinders were analyzed for SF 6 and CFC-12. Details on the new method will be published elsewhere, but, in brief, the gas was extracted from the samples in a vacuum line and frozen quantitatively on to an empty cold trap at Ϫ196ЊC, cooled by liquid nitrogen. After extraction, the trap was closed and heated to room temperature, and the water vapor removed in a small drying column filled with 3 Å molecular sieve. SF 6 and CFC-12 were separated in a gas chromatograph equipped witha5Å molecular sieve column (1.8 m ϫ 3.2 mm, 80/100 mesh, Alltech) and analyzed with an electron capture detector (ECD Fisons 800). In our gas chromatograph, H 2 S elutes together with SF 6 , so that the SF 6 and H 2 S peaks coincide. The presence of even trace amounts of H 2 S therefore entirely masks the SF 6 peak. During the measurement series, it became apparent that this had occurred in three cases (see Table 1 ), which led us to include AgNO 3 powder in the drying column to remove H 2 S prior to the gas analysis. After this measure had been introduced, no further problems with H 2 S contamination occurred. The overall error of the method (1 level) is Ϯ5% for both SF 6 and CFC-12. The   3   H-3 He age, , can be calculated from Tolstikhin and Kamenskiy (1969) and Torgersen et al. (1979) He ratio, L ex ϭ (He/Ne) ex , and the indices indicate the measured (m) concentrations and ratios, the contribution from a terrigenic component (ter), from atmospheric equilibrium (eq), and from excess air (ex). As usual, with respect to noble gases, the excess air component is assumed to have the same composition as atmospheric air; hence, L ex ϭ 0.288. The terrigenic component is assumed to be purely radiogenic, with R ter ϭ 2 ϫ 10 Ϫ8 , a typical value for the continental crust (Mamyrin and Tolstikhin 1984 He, and Ne were calculated by use of the empirical relationships of Benson and Krause (1980) and Weiss (1970 Weiss ( , 1971 .
Dating techniques
The quasi conservative tracers SF 6 , CFC-11, and CFC-12 are manmade, and their atmospheric concentrations have increased since they were first produced. Dating based on these tracers compares the concentration in the water sample with the historic atmospheric equilibrium concentration of the tracer. The historic atmospheric equilibrium concentration is calculated from the atmospheric input function and the solubility of the gas at the temperature and salinity of the water sample and at the atmospheric pressure prevailing at the lake surface. The difference between sampling date and the apparent equilibration date gives the SF 6 , CFC-11, or CFC-12 age.
All of these tracer ages are a measure of the time elapsed since the water was last in contact with the atmospherethat is, the isolation age. Note, however, that because historic atmospheric tracer concentrations and the interplay between deep-water mixing and limited gas exchange. As a consequence, the saturation level of the nearsurface values is expected to vary seasonally, with the surface water temperature affecting the gas solubility (in particular that of SF 6 and CFCs) and the depth of the surface mixed layer affecting the flux of the tracer from deep-water regions. However, because deep-water renewal is expected to occur predominantly during the cold seasons, the nearsurface apparent water age calculated from tracer data collected during seasonal mixing is considered to be a good estimate of the reference age at the lake surface, which is relevant to deep-water renewal. Deep-water residence times are calculated from the difference between surface and deepwater tracer ages. If the atmospheric growth curves of the tracers are nonlinear, this technique is preferable to the commonly used method of altering tracer concentrations to obtain zero age at the surface (Peeters et al. 2000a) .
If excess air is present, the apparent water age calculation outlined above has to be modified, because the excess air (introduced, for example, by the dissolution of air bubbles) acts as an additional source of the gaseous tracers in the water. This can be especially important in the case of SF 6 because of its poor solubility. Instead of comparing the tracer concentration in the water sample with the historic atmospheric equilibrium concentration, it should be compared to the historic concentration of the tracer in the water, C hist :
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where z atm is the historic volume fraction of the gas in the atmosphere, P o is the reference pressure, P is the atmospheric pressure, p*(T) is the saturation vapor pressure at temperature T (Gill 1982) , L is the solubility at partial pressure P o of dry gas, and A ex is the concentration of excess air. The latter can be obtained from the excess of Ne above atmospheric equilibrium, ⌬Ne, because Ne is solely of atmospheric origin. In the case of Lake Issyk-Kul (T ഠ 4.5ЊC, S ഠ 6‰, and P ഠ 0.813 atm), 1% ⌬Ne corresponds approximately to A ex ϭ 4 ϫ 10 Ϫ6 mol air kg Ϫ1 of water. Because of the rural environment of the lake, contamination with SF 6 and CFCs due to industrial activities (Clark et al. 1995) is not expected to be significant.
The calculation of tracer ages requires historical atmo- Fig. 3 . Profiles of tracer ages calculated from the measured concentrations of 3 H, 3 He, SF 6 , and CFC-12 at the deepest station in Lake Issyk-Kul. The decrease in the measured tracer ages between 400 and 600 m depth is correlated with an increase in dissolved oxygen in the same depth region (see Fig. 2) . The thick dashed line shows the isolation age simulated by a simple mixing model that assumes that isolation age is at steady state and that vertical transport can be described analogously to Fick's Law with a diffusivity of 5 ϫ 10 Ϫ4 m 2 s
Ϫ1
. spheric concentrations and the tracer solubility. For the CFCs, we used the historical atmospheric concentrations of Walker et al. (2000) and the solubility functions of Warner and Weiss (1985) . The latter were multiplied by P o /(P o Ϫ p*(T )) to give the solubility of the dry gas. For SF 6 , the atmospheric concentrations of Maiss and Brenninkmeijer (1998) were combined with a solubility function based on the coefficients of Wilhelm et al. (1976) and a correction term for salinity (Wanninkhof et al. 1991) :
where x SF6 is the Henry coefficient at the reference pressure P o of 1 atm and is the density function. In Eqs. 4 and 5, T is in K and S i ngk g Ϫ1 . The parameter C accounts for the effect of gas partitioning on the total molar concentration of the solution. Because the molar concentration of tracer dissolved in the water is very small compared with the molar concentration of H 2 O, C K x SF6 , and C can be neglected. In the calculation of the Henry coefficient, the constants are a1 ϭϪ 877.854 cal K Ϫ1 mol Ϫ1 ,a 2ϭ 42,051 cal mol Ϫ1 , and a3 ϭ 125.018 cal K Ϫ1 mol Ϫ1 (Wilhelm et al. 1976) , and the universal gas constant is R ϭ 1.98719 cal K Ϫ1 mol Ϫ1 . Empirical equations published elsewhere for the solubility of SF 6 (Bullister et al. 2002) yield slightly larger values than those given by Eqs. 4 and 5; however, the difference is Ͻ3% for the temperature range (4-5ЊC) and salinity (6‰) of interest. When the solubilities of Bullister et al. (2002) are used, SF 6 ages result that are systematically lower than those obtained in this study by use of Eqs. 4 and 5, but only by ϳ0.3-0.4 yr. Figure 2 shows the vertical profiles of potential temperature and dissolved oxygen at the deepest station. Potential temperature decreases only slightly with increasing depth, from 4.95ЊC at the surface to 4.35ЊC at 650 m. This temperature profile is typical for March conditions. As mentioned above, Lake Issyk-Kul does not freeze. Most likely, this is the result of two effects: (1) salinity reduces the temperature of maximum density at the lake surface to ϳ2.6ЊC, which requires the surface water to cool to 2.6ЊC before the establishment of inverse stratification in winter; and (2) rapid mixing associated with surfacewater cooling during winter mixes the cold surface water with deeper water that has a temperature that is typically Ͼ4ЊC.
Results and discussion-
In the deep water, dissolved oxygen decreases with increasing depth, which indicates oxygen consumption. However, even at 650 m depth, dissolved oxygen concentrations are still ϳ75% of the atmospheric equilibrium concentration at the lake surface (ഠ10.0 mg L Ϫ1 at T ഠ 4.5ЊC, S ഠ 6‰, and P ഠ 0.813 atm). This indicates either that oxygen depletion rates are very low or that deep-water renewal, transporting dissolved oxygen from the surface to the depths of the lake, is fast. He, Ne, SF 6 , CFC-11, and CFC-12.
3 H concentrations are nearly homogeneous throughout the water column. He from terrigenic sources. Based on the tracer data from Table 1,   3   H-3 He, SF 6 , CFC-11, and CFC-12 apparent water ages were calculated. The excess of Ne above atmospheric equilibrium is small for all samples, ranging from 0% to 5.5% ⌬Ne. As a consequence, the effect of the correction for excess air on the tracer age calculations is slight, increasing the apparent water ages by Ͻ0.7 yr in the case of SF 6 and 0.1 yr in the case of the CFCs. He ages. The results from the two independent CFC-12 measurements agree to within measurement error. In Fig. 3 , the large error bars near the surface result from the nearly flat atmospheric input functions for CFC-12, which makes dating difficult and imprecise. The CFC-11 ages (not shown in Fig. 3 ) agree reasonably well with the CFC-12 ages. However, the errors in the CFC-11 ages are very large because of the nearly constant atmospheric concentrations of CFC-11. As a consequence, in half of the cases, CFC-11 ages are not only compatible with the CFC-12 ages, they could also be interpreted as zero age, which indicates that CFC-11 dating is of very limited value not only for mixing studies in Lake Issyk-Kul but also in many other young bodies of water (e.g., groundwater or oceanic water masses).
The differences between the apparent water ages obtained from the different tracers can be explained by the nonlinear effect that mixing has on tracer age. The mixing of water volumes with different isolation ages should ideally give the volume-weighted mean isolation age-that is, the ''true'' isolation age. In the case of the tracer ages, however, mixing generates water containing a volume-weighted mean tracer concentration. Because the tracer age is, in general, a nonlinear function of tracer concentration, the tracer age of the mixed water can differ significantly from the true isolation age. The effect of mixing on tracer ages has been discussed for 3 H-3 He ages in the ocean (Jenkins and Clarke 1976) and in Lake Baikal (Hohmann et al. 1998) , and for CFC ages in the Caspian Sea (Peeters et al. 2000a ) and in the ocean (Sonnerup 2001) . It depends on the tracer used for dating, the date of sampling, and the typical water ages in the lake. Figure 4 illustrates the effect of mixing on SF 6 , 3 H-3 He, and CFC ages. If the atmospheric input function C atm of a tracer is concave (see Fig. 4a )-that is, if d 2 C atm /dt 2 Ͼ 0, as is the case for SF 6 -the tracer age is younger than the true isolation age of the mixed water. However, if the atmospheric input function is convex (see Fig. 4b )-that is, if d 2 C atm / dt 2 Ͻ 0, as is the case for CFC-11 and CFC-12-the tracer age is older than the true isolation age of mixed water. The magnitude of this difference depends on the magnitude of d 2 C atm /dt 2 (Fig. 4a,b) . Under the assumption of an exchange of 10% yr Ϫ1 of the deep water with water in atmospheric equilibrium, the difference of 4-5 yr between SF 6 and CFC ages at the maximum depth of Lake Issyk-Kul can be explained by an exponential mixing model of the type used in tracer hydrology (Maloszewski and Zuber 1982) . The exponential mixing model as applied herein assumes that a fixed fraction of a mixed water volume is replaced per unit time by water having the tracer concentration corresponding to the actual tracer input c in to the system, here to the atmospheric equilibrium concentration corrected for excess air:
in dt where ␣ is the fraction of the water volume exchanged per unit time. Figure 4c compares the true isolation age and the tracer age of several mixtures of Issyk-Kul water from 650 m depth with water in contact with modern air at surface pressure (P ϭ 0.813 atm, C air,SF6 ϭ 5.127 pptV, C air,CFC-11 ϭ 262.9 pptV, and C air,CFC-12 ϭ 544.1 pptV) having the same temperature, salinity, and concentration of excess air as the deep water (T ϭ 4.3ЊC, S ϭ 6‰, and A ex ϭ 1.748 ϫ 10 Ϫ5 mol kg Ϫ1 ). Under the assumption that the SF 6 and 3 H-3 He ages of ϳ11 yr at 650 m depth (Fig. 3) correspond to the true isolation age, the discrepancy between tracer age and true isolation age is Ͻ0.6 yr in the case of the SF 6 dating method but up to 6.6 yr in the case of the CFC-12 dating method (Fig. 4c) . For CFC-11 (not shown), the discrepancy is even greater (11.2 yr).
In the case of
